Background: Planted forests are increasingly important in world forestry, natural resources conservation, and climate change policies. There is great interest in their potential for carbon sequestration and conservation of natural forests while they remain an essential source of fuelwood and industrial roundwood. Methods: A method was developed for estimating the importance of planted forests in the global forestry sector. This was based on calculation of a global economic equilibrium with or without planted forests, using an adaptation of the Global Forest Products Model (GFPM) to simulate wood production in seven regions representing a total of 180 countries. The GFPM was then used to calculate production, consumption, trading balance, and price of forest products in 2009. Results: The utilisation of planted forests was estimated to reduce prices of forest products by 24 -37%, and those of manufactured products by 4 -14%, depending on the level of processing. World production of fuelwood was 4% greater due to the utilisation of planted forests, and industrial roundwood production was 14% higher.
Introduction
Planted forests, defined as "forests predominantly composed of trees established through planting and/or deliberate seeding of native or introduced species" (FAO, 2010) are becoming increasingly important in world forestry, natural resources' conservation, and climate-change policies. According to the most recent global forest resources assessment, planted forests occupy approximately 258 million ha, or 6 percent of the total world forest area (FAO, 2010) . Their usefulness includes wood production and protection against erosion, avalanches, and desertification, with often a mix of purposes. The potential of planted forests for carbon sequestration and conservation of natural forests is increasingly being recognised (AFB, 2012 , WWF, 2012 . Furthermore, planted forests are, and will, remain an essential source of fuelwood and industrial roundwood. Recent studies suggest that they have the potential for production of up to two thirds of the global roundwood supply Holmgren, 2008, Del Lungo et al., 2006) .
The present study was concerned mainly with planted forests as sources of fuelwood and industrial roundwood. The objective was to develop and apply a method to assess quantitatively the contribution of planted forests to the world forest economy. The first part of this paper presents the theoretical framework used to describe the global competitive markets for wood and forest products and production from planted and natural forests. This is followed by the application of the Global Forest Products Model (GFPM) to forest economy data for 2009, with and without utilisation of planted forests. The GFPM predictions are then discussed in terms of the effect of planted forests on the world prices of specific wood products, and on the quantities consumed, produced, and traded by the main regions of the world. The impacts of planted forests on consumer and producer surplus and on harvesting from natural forests are also considered.
Materials and methods

Theory
The theoretical framework underlining the study is illustrated in Figure 1 . It describes world demand, supply and trade of a single commodity (wood) produced in two regions, where Region 1 includes the parts of the world that contain planted forests while Region 2 represents the rest of the world containing no planted forests. Two scenarios were tested, one where planted forests are utilised and the other where they are not. When planted forests are utilised, the world equilibrium price is P. At that price, Region 1 (with planted forests utilised) produces the quantity S 1 and consumes the amount D 1 . It exports the difference (S 1 -D 1 ) to Region 2 (with natural-but without planted-forests), which produces the quantity S 2 and consumes the amount D 2 in such a way that D 2 -S 2 = S 1 -D 1 . In the alternative scenario, the planted forests in Region1 are not utilised so Region 1 would produce less wood at any given price (or, equivalently it would cost more to produce a given amount). The equilibrium price would then be P' and the net exports of Region 1 would be S 1 '-D 1 ' equal to the net imports of Region 2, D 2 '-S 2 '. Thus, the effect of utilising planted forests in Region 1 is equivalent to a shift of the production (supply) curve from A to B. This shift lowers the price, which increases consumption in both regions. The utilisation of planted forests in Region 1 also leads to more trade but the effect on production is variable. For example, in Figure 1 : production is higher in Region 1 when planted forests are utilised but the world price is lower. Thus production is slightly lower in Region 2 when planted forests are utilised. This is because the lack of planted forests in Region 2 means the supply curve for this Region is unchanged and thus the lower price induces less production.
The total impact of planted forests on the world forest economy was assessed by estimating the change in consumer and producer surplus in various regions, with and without utilisation of planted forests (Varian, 1992, pp. 222-224) . Figure 2 represents the theory for a single closed economy and one product: wood. It suggests that while wood consumers always benefit from the utilisation of planted forests, this is not generally the case for wood producers.
Application of the Global Forest Products Model
The Global Forest Products Model (GFPM), described originally by Buongiorno et al. (2003) and revised by Buongiorno and Zhu (2013 a, b) , was used to quantify the effects expressed in Figures 1 and 2 . This model simulates demand, supply and trading of fourteen groups of commodities in 180 countries. The model computes the market equilibrium for all products in any given year and simulates the evolution of this equilibrium from one year to the next to project the future state of the sector. However, in this application only the static part of the model was used to represent the market equilibrium in 2009 with and without utilisation of planted forests. Following the method of Samuelson (1952) this equilibrium was computed by maximising the sum of the consumer and producer surplus for all products and countries: Figure 1 Effect of utilisation planted forests on world demand, supply, and trade in wood. P refers to price, S to production, D to consumption. A and B designate the wood supply with and without planted forests, respectively.
(1) where i and j refer to countries, k to products, P is the price, D is the end-product demand, S is the raw material supply, Y is the manufactured quantity at marginal cost m, and T is the quantity transported at cost c, including tariff and taxes. The first integral measures the value of the end products to consumers, the second and third integrals the cost of production, and the last term the transport cost.
Optimisation was subject to the following demand-supply equilibrium constraint for each country and product:
where a ikn is the input of product k per unit of product n. The left-hand side of the equation represents the sum of imports, domestic supply, and manufactured quantity of a product in a country, while the right-hand side represents the sum of domestic demand for end products, demand for input in the manufacture of other products, and exports to other countries. The primal solution of this constrained optimisation gives the quantities consumed, produced, and traded, while the dual solution gives the equilibrium price for each product and country.
The model was calibrated for the year 2009, following the procedure described by Buongiorno and Zhu (2013b) . Data for production, imports, exports, and prices were obtained from the FAOSTAT database (FAO, 2012) . Estimates from the USDA Forest Service Global Outlook Study (Buongiorno et al., 2012) were used to describe the elasticity of demand and supply. The GFPM provided results for 2009 that closely replicated actual observations for that year.
Shifts in wood supply due to the presence of planted forests
In the GFPM, wood supply curves that include supply from planted forests are approximated by their linear tangent at the 2009 equilibrium point:
Where P is the price of wood, Q the annual production, and a and b are parameters based on the elasticity of supply and on the price and quantity observed in 2009 (Buongiorno and Zhu, 2013a). The scenario without utilisation of planted forests was represented by a shift in the supply curve to the left:
where L(f) is the proportion of wood production from planted forests.
There is little international information about the proportion of wood production that comes from planted forests. It is generally recognised that this is substantially higher than the proportion of forest area that they occupy (Sheffield 2009 , AFB 2012 , Carle and Holmgren 2008 . In this study it was assumed that a Lorenz curve would describe the relationship between the proportion of roundwood production from planted forests in a country and the proportion of forest area occupied (see for example Gastwirth, 1972) :
Figure 2 Consumer and producer surplus without planted forests, and with planted forests. Point A is the equilibrium without utilisation of planted forests, at quantity Q 0 and price P 0 . Point B is the equilibrium with utilisation of planted forests. The area of triangle ACP 0 measures the consumers' surplus without utilisation of planted forests, the difference between the total benefits of wood consumption, measured by the area under the demand curve up to Q 0 and the expenditure on wood, P 0 × Q 0 . The area of the triangle DAP 0 is the profit, or producers' surplus, without utilisation of planted forests. This is equal to how much producers get for their wood, P 0 × Q 0 , minus the cost of production, the area under the supply curve up to Q 0 . The utilisation of planted forests decreases the price of wood to P 1 and increases consumption and production to Q 1 . Since the demand curve is unchanged, the price decrease and the quantity increase always increase the consumer surplus by the amount measured by the area P 1 P 0 AB. At price P 1 , the production from planted forests is Q f = Q 1 -Q 2 . Thus, the producer surplus on planted forests is always positive, and equal to the area P 1 ED, however the surplus of all wood producers (on planted forests or not), measured by the area P 1 BD, may be higher or lower than without planted forests (area P 0 AD) depending on the elasticity of supply and demand.
where F is the proportion of forest area occupied by planted forests, and L(F) is the proportion of total roundwood production obtained from planted forests (Figure 3 ). Values depend on the magnitude of a. When a = 2, the curve closely approximates observations for the Landes area of France, where planted forests occupying 6% of the national forest area produce 23% of the national removals (AFB, 2012) . It also approximates the situation in the south of the United States of America, where planted forests occupying 22% of the national forest area produce 43% of the removals (Sheffield, 2009 ). Only results for major world regions are presented here.
In 2009, planted forests occupied approximately 6% of the world forest area, 27% of the forest area in EU-27 countries, and 21% in Asia (Table 1) . They were least common in South America (1% of the total area). Although Brazil had more than 5 million ha of planted forests, this represented only 1% of its total forested area. In Europe, 7% of the forest estate was planted. In Russia, more than 16 million ha of planted forests contributed only 2% of the total forest area. In North America, planted forests occupied about 5% of the forest area and they were most prevalent in the United States rather than Canada. In Africa and Oceania, 2% of the forest area was planted, mainly in South Africa, Australia, and New Zealand.
The last two columns of Table 1 show the consequences of the Lorenz curve assumption for the regional roundwood production from planted forests. Overall, 32% of world roundwood production in 2009 was derived from planted forests. In EU-27 countries, the proportion reached 52% whereas it was only 15% in South America. Worldwide roundwood production from planted forests computed from these data was estimated to be approximately 1 billion m 3 . Of this, Asia contributed 459 million m 3 and Europe (including the Russian Federation) 266 million m 3 . The GFPM was initially run for the scenario with planted forests using 2009 data. The model was then run for the scenario without planted forests using the same 2009 data after application of a shift in the roundwood supply curves to reduce roundwood production by the amount produced from planted forests. No other change was made. The difference between results with and without utilisation of planted forests gave a measure of the effect of planted forests on the global forest sector.
Results and Discussion
Effects of planted forests on forest product markets Price
In competitive world markets, price is the most important indicator of the effect of resources and policies on demand, supply, and trade. World prices defined as the average unit value of world exports, as they were with planted forests in 2009 and as they would have been without planted forests, were calculated with the GFPM (Table  2) . Depending on the product, world prices were 4 -37% lower with planted forests. Fuelwood, industrial roundwood, and sawn wood prices showed the largest differences; printing and writing paper and paperboard the smallest. As expected, the price effect tended to decrease with the proportion of wood in the total production cost of a product.
Fuelwood production, consumption and trading
Due to the production from planted forests, estimated fuelwood consumption was higher in all regions because the price was lower. Globally, the world fuelwood consumption was 64 million m 3 , i.e. 4% greater (Table 3) . The largest increases were in Asia and Africa.
In contrast with the effect on fuelwood consumption, the utilisation of planted forests led to lower production of fuelwood in some regions (Table 3 ). This was because the difference in production was the net result of movement down the supply curve (caused by the price decrease) and the shift of the supply curve relating to production from planted forests. In some regions, notably Asia and the EU-27 countries, the positive shift of fuelwood supply due to planted forests largely compensated for the price-induced production decrease. In other regions, such as North and Central America, the negative effect of price on production was greater than the positive shift in supply from planted forests so production of fuelwood was lower. Worldwide, the utilisation of planted forests resulted in an estimated 4% increase in fuelwood production, matching the increase in global consumption.
Trade balance was altered by the utilisation of planted forests. For example, while the balance of trade for Asia improved because the increase in production was almost three times as great as the increase in consumption, the opposite effect was apparent in North/Central America and Europe.
Industrial roundwood production, consumption and trading
Increasing the availability of wood from planted forests decreased the price of industrial roundwood (Table 2) and this tended to increase consumption. Globally, estimated consumption of industrial roundwood was 14% higher when planted forests were utilised (Table 4) , three times higher than for fuelwood. The effect in Asia was small, and in fact negative. This was because the demand for industrial roundwood is related to its use for secondary products (sawnwood, wood panels, pulp, paper and paperboard). Consumption therefore depends on the price of industrial roundwood, the price of end products, and the techniques of production. In other regions, estimates for consumption of industrial roundwood were considerably higher when planted forests were utilised, especially in Europe and South America.
The effect of planted forests on industrial roundwood production was influenced by price change and by the magnitude of the supply shift due to the utilisation of planted forests. In Asia and Europe, the supply shift was dominant and production was substantially higher in the scenario with planted forests (Table 4 ). In regions with few planted forests, e.g. South America, the effect of lower global prices exceeded that of the shift in supply and the result was a lowering of production. World production was 14% higher when planted forests were utilised and this proportion matched consumption levels. Utilisation of planted forests improved the trade balance (exports -imports = production -consumption) for industrial roundwood in Europe and Asia, but caused a decline in South America and Oceania.
Sawn wood and panels -production, consumption and trading
The world price in 2009 was 18% lower for sawn wood and 7 -12% lower for panels when planted forests were utilised (Table 2) consequently, consumption of these commodities was higher in all regions, and 2.5% higher globally (Table  5 ). However, production was lower in some regions because supply was affected negatively by the price of industrial roundwood, and was dependent on technology. It was lowest in Asia, where it had a negative effect on trade balance. Wood supply from planted forests improved net trading in sawn wood and panels in North America and in Europe as a whole, but not in EU-27 countries.
Pulp and paper -production, consumption and trading
The utilisation of planted forests reduced the world wood pulp price by 10% (Table 2 ). This lower price tended to increase the demand for wood pulp (Table 6 ). However, wood pulp is an intermediate product so demand is also affected by the price of paper and paperboard and by the techniques of production. Thus, although the consumption of wood pulp was 8% higher globally due to planted forests, it was 6% lower in Asia. At the same time, because pulp supply is positively influenced by the price of pulp and negatively influenced by the price of industrial roundwood, production was higher when planted forests were utilised in areas where the effect of the pulp price was largest (South America and Europe) and lower where the price of industrial roundwood was dominant (Asia and North/Central America). The net result was that the balance of trade improved in South America and Europe, but deteriorated in North/Central America and to a lesser extent in Asia.
The utilisation of planted forests had very little impact on consumption of paper and paperboard (Table 7) . In accordance with the small price decrease (Table 2) , world consumption was only 1% higher with planted forests than without them. However, the effects on production were variable. Asia produced 8% less paper and paperboard when planted forests were utilised because the positive effect on supply due to lower wood and pulp price was over-ridden by the lower price of output. Elsewhere the lower cost of industrial roundwood and pulp associated with the utilisation of planted forests was the dominant factor, and production of paper and paperboard was greater. The net result of differences in production and consumption was an improvement of the trade balance in North/Central America and Europe but a decline in Asia. 
Effects of planted forests on consumer and producer surplus
The results of calculations of consumers and producers surplus, based on data obtained from the two scenarios simulated using the GFPM are in Table 8 . The second column of Table 8 shows the difference in consumer benefit with and without utilisation of planted forests. For all the end products considered (fuelwood, sawnwood, panels, and paper and paperboard), the supply from planted forests was estimated to increase consumer benefits in 2009 by about $108 billion for the world, of which $43 billion in Asia, and $21 billion in Africa. In contrast, column five of Table 8 indicates that the estimated benefit to producers globally (from both natural and planted forests) was $30 billion per year lower when planted forests were utilised than when they were not. Thus, although the benefit to producers from utilisation of planted forests (second column in Table 8 ) was positive in all regions, totaling US$31 billion per year, or US$119 per hectare per year, it was generally not enough to compensate for the loss of profits on natural forests. The only exception was for EU-27 countries where the utilisation of planted forests did raise the producers' benefits, though by less than US$1 billion (Table 8) , due to the high proportion of planted forests in EU-27 countries (Table 1) .
Overall the decrease in producer benefits due to the presence of planted forests was only one third of the increase in consumer benefits. The net result was an increase in industry benefits (consumers plus producers) of approximately US$77 billion per year, which is approximately one third of the total GDP of Portugal. The largest regional impact of planted forests was observed for Asia, followed by Europe and Africa.
The last two columns of Table 8 show estimates of industry benefits from utilisation of planted forest per unit of planted forests in 2009, and the present value of a constant future stream of the same amount at a real interest rate of 3 percent per year, respectively. The average global increase was US$300 per hectare per year. The present value of this constant yearly amount over an infinite horizon would be US$300/0.03 = US$10,003 per hectare, but it varied considerably by region, and approached US $29,000 per hectare in Africa.
Effects of planted forests on natural forests
Another important positive effect of planted forests implied by these results is the reduction of harvesting from natural forests. This has obvious ecological benefits, including conservation of biodiversity and carbon sequestration. Calculations from 2009 data suggest that the utilisation of planted forests reduced world harvesting from natural forests by 816 million m 3 , or 26% (Table 9) . Although a considerable amount, this was 6% less than the proportion of roundwood production from planted forests ( Table 1) . The difference was attributed to reduction in roundwood price associated with production from planted forests which increased the demand for roundwood and the amount harvested from both planted and natural forests. Asia, followed by Europe, showed the largest absolute reduction in natural forest harvesting due to global availability of wood from planted forests.
Conclusions
The theory of competitive global markets for wood and wood products suggests that the primary effect of utilising planted forests is production of more wood at any given price. Working on this assumption, application of the Global Forest Products Model to 2009 data indicated that the utilisation of planted forests reduces the world price of all wood products in rough proportion to the amount of product cost related to the wood content. As a result, world consumption (and production) of wood products is increased by the utilisation of planted forests. This global increase ranges between 14% for industrial roundwood and 1% for paper and paperboard. Consumption of end products (fuelwood, sawnwood, panels, paper and paperboard) was commensurately higher in all seven regions investigated. However, production of these commodities, as well as that of roundwood and pulp, could be negatively affected as it depends on the proportion of wood obtained from planted forests, the techniques involved in transforming wood into products, and the price of raw materials and end products. Due to the lower price and higher consumption of end products, the financial benefit to consumers was found to be higher with the utilisation of planted forests than without them, in all regions examined. However, globally, the financial benefit to producers was lower because the increase in planted-forest producer benefit did not compensate fully for the decrease in natural-forest producer benefit. Planted forests therefore induced a transfer of financial benefit from natural-forest wood producers to consumers of end products and plantedforest producers. Nevertheless, the total benefit (producer + consumer benefits) increased in most regions and at global level. Estimates suggest that the average net present value of future financial benefit from planted forests throughout the world would be approximately US$10,000 hectare.
Data for 2009 indicate that world harvesting from natural forests is 816 million m 3 (26%) lower due to the utilisation of planted forests. The consequent increase in ecological benefits such as biodiversity and carbon storage must be considered and should be investigated in future work which should also include gathering better country-specific data on the extent and production of planted forests. In future benefit-cost analysis of planted forests, the distributive effects noted above should also be recognised to evaluate the full social impact of new investments. Geographical Europe defined as in FAO (2012) , includes the Russian Federation. EU-27 countries are defined as in European Commission (2014).
